Excitonic spectra are calculated for free-standing, surface passivated InAs quantum dots using atomic pseudopotentials for the single-particle states and screened Coulomb interactions for the two-body terms. We present an analysis of the single particle states involved in each excitation in terms of their angular momenta and Bloch-wave parentage. We find that (i) in agreement with other pseudopotential studies of CdSe and InP quantum dots, but in contrast to k.p calculations, dot states wavefunction exhibit strong odd-even angular momentum envelope function mixing (e.g. s with p) and large valenceconduction coupling. (ii) While the pseudopotential approach produced very good agreement with experiment for free-standing, colloidal CdSe and InP dots, and for self-assembled (GaAs-embedded) InAs dots, here the predicted spectrum does not agree well with the measured (ensemble average over dot sizes) spectra. (1) Our calculated excitonic gap is larger than the PL measure one, and (2) while the spacing between the lowest excitons is reproduced, the spacings between higher excitons is not fit well. Discrepancy (1) could result from surface states emission. As for (2), agreement is improved when account is taken of the finite size distribution in the experimental data. (iii) We find that the single particle gap scales as R −1.01 (not R −2 ), that the screened (unscreened) electron-hole Coulomb interaction scales as R −1.79 (R −0.7 ), and 1 that the eccitonic gap sclaes as R −0.9 . These scaling laws are different from those expected from simple models.
Semiconductor quantum [1] dots have recently generated considerable interest due to the dramatic differences between their electronic structure and that of the bulk material from which they are derived. These differences arise from the lower symmetry of the dot, quantum confinement level shifts and the enhancement of electron hole Coulomb and exchange interactions.
While the Stranski-Krastanov growth technique produces semiconductor-embedded dots [2] [3] [4] which are typically subject to only a small confining potential, colloidal chemistry techniques [5] [6] [7] produce dots whose surfaces are passivated by large organic molecules.
This leads to much larger confining potentials (a few eV), and thus many more confined energy levels. These colloidal techniques have recently enabled the production of quantum dots with diameters from 10 to 60Å , made from CdSe [8] , CdS [9] , InP [10] and InAs [11] . The spectroscopy of these systems is richer than that of the SK dots, with several groups reporting data for up to 10 excited states in CdSe [8] , InP [10] and InAs [11] . On the theoretical side, colloidal CdSe [8, 12] and InP [10, 13] have recently been studied using both the standard 6x6 k.p method [8, 10] and more sophisticated pseudopotential [14, 13, 12] techniques.
In this paper we turn our attention to colloidally grown InAs quantum dots. InAs is a challenging system to study because, (i) the small bulk band gap of 0.42 eV suggests strong valence-conduction band coupling. This is supported by recent studies [11, 15] showing that the standard 6x6 k.p formalism fails to describe the observed electronic transitions, while 8x8 k.p produces a better fit to measured excitonic transitions, (ii) the small band gap combined with a large spin-orbit splitting (0.38 eV) suggests that spin orbit effects will play a significant role, (iii) the observed band gap extends to 1.6 eV, i.e. almost four times the bulk value, suggesting dramatic quantum confinement, (iv) the large confining potential leads to as many as eight clearly resolved excitations, for a range of dot sizes.
We use a multi-band pseudopotential Hamiltonian to calculate both the single particle states and electron-hole excitation energies for InAs quantum dots with a range of sizes.
Our method is different from another recent pseudopotential calculation of Mizel and Cohen [15] in that although their formalism can be generalized to multiple bands, they use only a single-band approximation (like the EMA or the Truncated Crystal Method [16] ) and do not include electron-hole effects. Both methods however, do incorporate non-parabolicity of the bands. The nature of the single particle states is analyzed in terms of the parent Bloch orbitals and envelope functions, which enables a detailed description of the origin of each calculated exciton. This analysis allows comparisons to be made with existing effective mass based predictions for the single particle states in these dots. In contrast to envelope function based effective mass calculations, our more general treatment shows that the single particle states include a significant amount of mixing of valence and conduction states, as well as a mixing of envelope functions with odd and even parity. We have calculated the single dot absorption spectra of a few dots. Comparing with the experimental results for ensembles of dots sizes, we do not find good agreement in contrast to the k.p method [11] that gives better agreement. However, agreement with our results is improved when the finite size distribution of the experimental dot samples is taken into account. We discuss possible reasons for the conflicts between experiment and theory.
II. PSEUDOPOTENTIAL CALCULATIONS OF THE ELECTRONIC STRUCTURE OF INAS QUANTUM DOTS
Our pseudopotential calculations consist of two steps. First we calculate the single particle states for the quantum dot (Sections. II A and II B). Then we solve the "twoparticle" problem by calculating the energy of the electron-hole excitations of the system (Section. II C).
A. Single Particle Calculation
We use a pseudopotential Hamiltonian to model the single-particle electronic structure of the system.Ĥ = − 1 2
The system's potential is constructed from a sum of screened atomic pseudopotentials, v α , where α represents In and As, and R αn are the positions of the In and As atoms within the dot. The pseudopotentials, v α , have been fitted to the experimental band gaps and effective masses of bulk InAs. The experimental and fitted values are given in Table I . The fitted InAs bulk band structure is shown in Fig. 1 . We use the reciprocal space functional form of the pseudopotential
where a 0α , a 1α , a 2α , a 3α are adjustable parameters. The fitted values of a i,α are given in Table II . The same pseudopotential form was recently used to study self-assembled GaAscovered InAs pyramidal dots [17] [18] [19] [20] . In Refs. [17] [18] [19] [20] the pseudopotential contained an additional term to describe the effects of strain in the system. As the free-standing InAs dots studied here are strain free this term is not required here. We assume the bulk zincblende structure and the bulk In-As inter-atomic spacing (d=6.057Å). We construct spherical
InAs dots of radius R, by selecting all the atoms that fall within a sphere of this radius.
Any atoms from the surface of the dot which have three dangling bonds are removed. The result of adopting this atomistic description is to reduce the symmetry of the dots from the full spherical symmetry of continuum models to the lower T d symmetry. The sizes and compositions of the four dots studied in this paper are listed in Table III .
To simulate the chemical passivation via ligands [7] , we embed the InAs dots within an artificial barrier material, represented by an atomic pseudopotential, fitted to have a larger band gap than InAs, thus producing a type-I alignment between the dot and the barrier. The barrier material is designed to have the InAs lattice constant so that no strain is introduced into the system. This embedding process is physically equivalent to the choice of a finite barrier surrounding the dots and is designed to reflect the fact that the dots are surrounded by organic molecules which themselves have large, but finite band gaps [21] .
We expand the single particle wavefunctions, ψ i , in a plane wave basis whose cutoff must be identical to that used in the original pseudopotential generating procedure,
The matrix elements of the Hamiltonian in Eq.(1) in the basis of Eq.(3) are calculated according toĤ
The spin orbit interaction is represented by a non-local pseudopotential,
which is evaluated in real space using the linearly scaling small box method from Ref. [22] .
This method applies the non-local pseudopotential to each atom in turn. For each atom, a new wavefunction ψ box (r) = ψ i (r) is defined within a small box around the atom. ψ box (r) is periodically repeated and then fast Fourier transforms are used to generate ψ box (G). The non-local pseudopotential is then applied by
The InAs dots, surrounded by barrier material, form a supercell which is periodically repeated. Sufficient barrier atoms are used, to ensure that the interactions between an InAs dot and its periodic images are negligible. The total number of atoms (In, As and barrier)
in the largest supercell is 25,000 atoms, which is too large for the Hamiltonian in Eq. (1) to be solved by conventional diagonalization methods. We thus use the "Folded Spectrum
Method" (FSM) [23, 24] , in which one solves for the eigenstates of the equation on the other hand, these effects are included perturbatively [11] . Also note that we neglect self-consistency with respect to the bulk. As the dots contain several hundred atoms we expect the potential of the dot interior to be bulk-like. The pseudopotential used here was fitted to reproduce these bulk properties without requiring a self-consistent calculation. We first deconstruct each single particle dot wavefunction, ψ i (r), in terms of the bulk Bloch states at the Γ point, φ nΓ = u nΓ (r)e ik.r in the manner described in Ref. [12] . We choose this basis to (i) enable the calculation of the different angular momentum character of the states, and (ii) to enable comparison with conventional envelope function based methods.
These zone center Bloch states form a complete set, and therefore one can expand the single particle dot wavefunction according to
which can be rewritten as
where u n,Γ (r) is the bulk Bloch wavefunction for the nth band at the Γ point, and f
a corresponding envelope function. Note that the "single band approximation" corresponds to retaining a single n value in Eq.(8), while the 6x6 k.p corresponds to n = bulk VBM (sixfold degenerate, including spin). The present "multiband" method corresponds to a large number of bands in Eq. (8) . We further decompose each envelope function, f
and then define the weight from each angular momentum component, w
n,L , as
where R is the radius of the quantum dot. The quantity, w
n,L , tells us how much of bulk band n and angular momentum L is contained in the dot wavefunction ψ i .
An additional property that is useful for classifying the single particle states is the total angular momentum, F , of dot state i. This is calculated for each of the single particle dot states according to
The angular momentum operatorF u = ir × ∇ + s, (where s is the Dirac spin matrix), acts only on the Bloch orbitals, u n (r), andF f = ir × ∇ acts only on the envelope function,
n (r).
C. Two particle calculation and the absorption spectrum
Calculation of an optical absorption spectrum based on the single particle states of a quantum dot, requires a solution for the "two-body" electron-hole problem. More complete solutions of the electron-hole problem via the configuration interaction require knowledge of the Coulomb, exchange and correlation energy associated with the electron-hole pair [25] .
In this work, we choose to ignore the fine structure effects resulting from the exchange and correlation energy, reducing the two-body problem simply to calculating the electron-hole Coulomb energy. We then define the exciton energy in terms of the initial single particle valence state energy, ǫ i , the final conduction state energy, ǫ j , and the electron-hole Coulomb energy, J ij , as
The electron-hole Coulomb energy, J ij , between each of the possible electron(i) -hole(j)
pairs is calculated by a direct integration of the single particle wavefunctions
where ψ i (r) and ψ j (r) are our calculated electron and hole wavefunctions and ǫ(r 1 − r 2 , R)
is a distance dependent screening function, connected to the dielectric function, ǫ(r, r ′ , R),
and n is a size scaling exponent discussed below. We follow Ref. [12] in writing the Fourier transform of ǫ −1 (r 1 − r 2 ; R) as the sum of electronic and ionic terms,
The electronic term is defined in terms of the Thomas Fermi model of Resta [26] ,
Note, the R dependence of ǫ
We define q in Eq. (16) as
where n 0 is the electron density, and R ∞ is the solution to
The ionic term is taken from Ref. [27] ∆ǫ
Here ρ h,e = (2m * h,e ω LO /h) −1/2 , ω LO is the longitudinal optical-phonon frequency (238.6 cm
and m * h,e are the electron and hole effective masses (0.023 and 0.4 m 0 ). To obtain the value of ǫ dot 0 , we again assume that the dot interior is bulk-like so ǫ dot 0 − ǫ dot ∞ can be approximated from the bulk,
We use the bulk value of 2.9 for ∆ǫ bulk ion . Finally, we use a generalization [28] of the Penn More simplified calculations of J ij assume a universal value for all i and j, based on an s-like envelope function and an infinite potential barrier [30] . These approximations lead to the often adopted formula
Our pseudopotential calculated values for the screened electron-hole Coulomb energy between an electron in the lowest energy conduction state and a hole in the highest energy valence state, J 11 , are plotted along with those predicted by Eq. (22) al. [31] who found m ∼ 0.7 for GaAs. Secondly, the description of screening in Eqs. (14) to ( for InAs dots are compared with calculations for Si [39] , InP [38] and CdSe [12] dots as well as the predictions from Eq. (22) in Table IV . It shows that for the scaling of ǫJ has m < 1 while the scaling of J has n > 1.
The final stage in the calculation of our theoretical absorption spectra, is to calculate the dipole matrix transition element for the transition from valence state i to conduction
The optical absorption spectra, I(E, R), can then be written as,
where
exciton is the excitation energy [Eq. (12) ] and σ represents an experimental linewidth broadening which we set to 25 meV.
Our theory of Eq. (24) corresponds to the spectra of a single dot with a well defined radius, R, and shape. Current samples exhibit a size distribution about an average size, R, producing an ensemble absorption spectra
where P (R) is the size distribution function. A major contribution in the interpretation of experimental data is that if the size distribution is too broad, a given transition (ij) for size R 1 could overlap with another transition (i'j') for size R 2 .
III. RESULTS

A. Single Particle States
Using the Hamiltonian described in SectionII A, the 48 highest energy hole states and the 24 lowest energy electron states were calculated for the InAs dots listed in Table III . Cohen [15] are also shown. Figure 6 shows that in both calculations, as the size of the InAs dot increases, the quantum confinement decreases, such that the VBM and CBM approach the bulk VBM and CBM values. We have fitted the size dependence of the dot VBM and CBM according to
where R is the radius of the InAs dot. This fitting reveals that the size exponents, n v,c , of the hole and electron quantum confinements are significantly different to the effective mass exponents:
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Figure 6 also shows that while the CBM states calculated with the multi-band pseudopotential and the single-band method are almost identical in energy, the VBM states calculated using the single-band method are higher in energy than those calculated using the pseudopotential. This difference can be attributed to the fact that the real dot valence band has strong interband coupling, so the single band approximation used by Mizel and Cohen [15] is more severe for the valence band. For the CBM states, the single band approximation is sufficient because the energy spacing between bands is large and there is therefore little interband coupling.
Single Particle Gaps: In Fig. 7 (a) we plot the single particle band gaps obtained from our multi-band pseudopotential calculations. For comparison we also show the single particle gaps obtained from the single band calculations [15] of Mizel and Cohen and the 8 band k.p calculations from Ref [32] . Figure 7 (a) shows that the single band calculations [15] tend to underestimate the single particle gap with respect to the more converged calculations, as a result of the underestimate of the valence band quantum confinement in single band models.
The 8 band k.p and current multi-band pseudopotential results show good agreement with each other. In Fig. 7(b) we compare the multi-band pseudopotential calculations with a recent PL experiment, by extracting the single particle gaps from experimental results from
Ref. [6] by subtracting an approximate value for the electron-hole Coulomb energy calculated from E coul = 3.572/2ǫR (Ref. [30] ). Here ǫ is the static dielectric constant of bulk InAs and R is the dot radius in atomic units. We also show the results of the single-particle gap measure a single particle gap that is higher than that extracted from the optical experiment and is in much better agreement with the calculations.
We fit the single particle (sp) band gap to the following power law,
taking the bulk gap as 0.42 eV. Our pseudopotential results yield a size exponent n sp = −1.01. This is considerably smaller than the effective mass predicted value of -2. In the previous section we have seen that the Coulomb interaction J ij scales as R −1.8 , while here we see that the single particle gap scales as R −1.01 . Thus the relative importance of Coulomb effects increases for small dots. This is the opposite of the effect predicted by single-band effective mass predictions of J(R) ∼ R −1 and E gap ∼ R −2 . The scaling, n, of the single particle band gap is compared with similar calculations for InP, CdSe and Si dots in Table IV . than that for the single particle gap (n sp = −1.01). Using the Coulomb energy from Eq. (13) rather than Eq. (22) improves the agreement with experiment in Fig. 7 (b) by a factor of 3.
However, the fit is still not particularly good. The reasons for this were discussed above.
Confinement energies:
We have also calculated the ratio of the conduction band quantum confinement, ∆E CB (R), to the valence band quantum confinement, ∆E V B (R), defined as
Define ξ(R) as
Our multi-band calculations for InAs dots find a value of ξ(R) that decreases with R. The best linear fit (constant ξ(R)) to the data yields a ratio, ξ(R), of 3.13 for the multiband calculations. For Si dots, ξ(R) was recently measured [34] to have a value of 0.5.
Within the single-band effective mass approximation, assuming an infinite potential barrier at the surface, the quantum confinement of electrons and holes can be written as ∆ǫ e,h =h 2 π 2 /2m * e,h R 2 , where m * e,h is the effective mass of electrons and holes at the Γ point and R is the size of the quantum dot. The ratio of electron confinement to hole confinement
is therefore given by the ratio of the electron and hole effective masses which is approximately 15.4. This is significantly different to our multiband calculated value of 3.13. This difference can be attributed to the fact that the pseudopotential calculated hole states are derived form a mixture of the bulk heavy and light hole states.
B. The nature of the single particle wavefunctions
The results of the single particle wavefunction analysis from Eqs. (8)- (10) is given for the 42.2Å diameter dot in Table V . Details of the analysis for the other dot sizes are given at Ref. [35] . Only the states which contribute to the excitonic peaks discussed in Section II C are listed in the table. For each state, the fraction of the wavefunction derived from the bulk Γ-like split off, heavy (Γ 8v ) and light hole (Γ 7v ) and lowest conduction band (Γ 6c ) states is given (see Fig. 1 ). For each of these bulk states, the fraction of the total wavefunction The remaining 0.05 fraction is derived from bulk bands further from the band gap, and from higher angular momentum envelope functions.
Analysis of the results in Table V and those for the other size dots reveals several interesting properties of the single particle wavefunctions:
(1) The origin of the lowest lying electron states in the dot follows qualitatively the predictions of single band effective mass theory. For example, the lowest electron state of the 42.2Å diameter dot (see Table V ) is 69% derived from the bulk conduction band edge state (Γ 6c ) with an s-like envelope function. The next two highest electron levels are 64%
derived from the same bulk Bloch state, but with a p-like envelope functions.
(2) As a result of the small band gap of bulk InAs, there is a strong coupling between the electron and hole states. Approximately 20% of the weight of the lowest energy electron states in the dot is derived from the split-off, heavy and light hole (Γ 8v + Γ 7v )) bulk
states. This valence-conduction mixing explains why the 6x6 k.p method, which ignores such coupling, fails to describe these states in InAs dots.
(3) The highest energy hole states in the dot have significant weight from both the s and p envelope functions from both heavy and light hole bulk states. They therefore cannot be described, even qualitatively, by a single band model. The VBM of the 42.2Å diameter dot (see Table V) has 50% s and 29% p character. Similarly, the lowest electron state in the dot has 27% non-s character, originating from valence bands. Such an s-p mixing is largely absent in current theoretical descriptions of InAs dots via the k.p method [11] . (4 
C. Calculated Single-dot absorption spectra
Theoretical single-dot absorption spectra were calculated for each of the dots listed in Table III using the method described in section II C. These spectra are shown in Figs. 8(a) -
The identities of each of the major peaks in the spectra were determined by examining the nature of the initial and final single particle states contributing to each peak. The following criteria were used to establish these identities.
1. The ratio of the contributions to the single particle states from the heavy hole, light hole, split off and conduction states.
The contribution of each angular momentum component from the heavy hole, light
hole, split off and conduction states.
3. The total angular momentum, F, of each single particle state (see section II B).
4. The strength of the dipole transition probability matrix element for each peak. This initial state has a total angular momentum that ranges from 1.99 to 2.48. The final conduction state is the same as in peak (a). In the approximate k.p language this transition is closest to the P 5/2 to S 1/2 transition. state is the same as in peak (a). In the approximate k.p language this transition is closest to the S 5/2 to S 1/2 transition.
(e) "peak e" has a similar origin to "peak d" and also has a very weak intensity. It also merges with "peak c" in the largest dot with 42.2Å diameter. The initial valence state associated with this peak is a singly degenerate hole state with a mix of s, d and some g character. It is derived from both the bulk spin-orbit, heavy and light hole states. This initial state has a total angular momentum that ranges from 3.03 to 3.75. The final conduction state is the same as in peak (a). In the approximate k.p language this transitions is closest to the S 7/2 to S 1/2 transition.
(f) "peak f" corresponds to a transition with very weak intensity that is only observed in the two smaller dots. It has the same initial state as "peak a", but the final state is the next highest conduction state. This conduction state is a triply degenerate state, with a p-like envelope function and a total angular momentum that ranges from 2.15 to 2.19. In the approximate k.p language, this transitions is closest to the S 3/2 to P 3/2 transition.
(g) "peak g" corresponds to a transition from the same initial state as "peak b", to the p-like conduction state. This is a very intense peak that is observed in all the sizes of dot.
In the approximate k.p language, this transitions is closest to the P 5/2 to P 3/2 transition.
(h) "peak h" is also a very intense peak that is observed in all the sizes of dot. The initial valence states are a combination of the same initial state as "peak c" and also a doubly degenerate hole state, very close in energy to this state with mostly s and f character, derived from heavy and light hole states, with a total angular momentum ranging from 2.66 to 2.72. The final conduction state is the same as in peak (f). In the approximate k.p language, this transition is closest to the P 5/2 to P 3/2 transition. It is possible that the proximity of peaks (g) and (h) combined with their strong intensity would not allow them to be distinguished in a photoluminescence experiment. This is discussed further in section III E.
(i) "peak i" is has a weaker intensity, but is observed in all the sizes of dot. The initial valence state is the same as "peak d". The final conduction state is the same as in peak (f). In the approximate k.p language, this transition is closest to the S 5/2 to P 3/2 transition.
This transition is weakly allowed.
(j) "peak j" corresponds to a transition with strong intensity. The initial valence state associated with this peak is a doubly degenerate hole state containing mostly a mix of p, d
and f character. Its contains significant contributions from both the bulk split-off state and the heavy and light hole states. This initial state has a total angular momentum that ranges from 3.03 to 3.41. The final conduction state is the same as in peak (f). n the approximate k.p language, this transition is closest to the S 7/2 to P 3/2 transition.
(k) "peak k" corresponds to a transition with weak intensity. The initial valence state associated with this peak is a doubly degenerate hole state containing mostly p character.
It is mostly derived from the bulk heavy and light hole states. This initial state has a total angular momentum that ranges from 3.19 to 3.24. The final conduction state is the same as in peak (f). In the approximate k.p language, this transition is closest to the P 7/2 to P 3/2 transition.
Having discussed the identities of the peaks in each dot size, we next wish to see how to connect peaks with the same identities in different sizes of dot. This is not always possible, as different sizes of dot might have some peaks that are fundamentally new, or two peaks that have merged together. We have labelled in Fig. 8 and in Table VI the peaks that originate from similar excitons in the different sizes of dot by the same letters (a) to (k). Fig.10 with the results from Ref. [11] is given in Table VII , which shows that 1. Peak (a), by definition, corresponds to the experimentally measured band gap, E1.
2. We ascribe two weak sets of peaks(c and d) as originating from the weakly observed E2 experimental peak.
3. For the E3 peak we calculate a single peak (e).
4. For the weakly observed E4 peak we find no calculated counterpart.
5. The strongest two calculated peaks (g and h) fall on either side of the E5 peak and it is possible that the strength of these excitations could prevent them from being isolated in the experiment. They are also merged by a finite size distribution (see section III E).
6. The final two calculated peaks (j and k) correspond to the experimental E6 and E7 data.
For each of the peaks, the calculated scaling of the exciton energy spacings with dot size (or band gap) shows reasonable agreement with the experimental results. However, Fig. 9 shows that the calculated values of the absolute exciton peaks appears to exhibit a different size dependence to that observed in Ref. [11] . This lack of agreement can be attributed in part to the finite size and shape distribution present in the experimental samples. This is discussed in the following section.
E. Ensemble absorption spectra
The ideal comparison between theory and experiment is between the calculated (Fig. 8) and measured single-dot spectra. However, no such single-dot measurements currently exist for InAs quantum dots. Our predicted single-dot spectra for different sizes (Fig. 8) suggest that the interpretation of an ensemble spectra could differ qualitatively from the interpretation of a single dot spectra. This calls for measurement of the single dot spectra. For example, peak (b) in the dot with a diameter of 30.3Å coincides with peak (e) in the dot with a diameter of 36.9Å and with peak (g) in the dot with a diameter of 42.2Å. Thus, if the experimentally accessible samples represent a broad size distribution it is impossible to ascribe consistently experimental peaks to unique calculated single-dot peaks.
We try to quantify the effect of a finite size distribution in the experimental samples by using our single dot spectra in combination with Eq.(24) to calculate ensemble absorption spectra. These are not directly comparable with the size selected PLE results from Ref.
[6], but are designed to provide a general indication of the effects of size distribution on the absorption spectra of an ensemble of dots. We neglect shape distribution effects, since they are not quantified experimentally. Transmission electron microscopy studies of III-V semiconductor quantum dots [36] show that there are two factors producing an ensemble of different dot volumes. Firstly, in any sample there is a finite range of dot diameters.
Secondly, the dots are ellipsoidal in shape, with a range of ratio of major to minor axes.
We have therefore chosen to model the distribution of sizes, P (R), in Eq. (24) by a simple Gaussian, whose width, σ R , builds in the size distribution,
In Fig. 11 (a) we plot ensemble absorption spectra calculated from Eq. (24) for quantum dots with a mean diameter of 23.9Å and standard deviations, σ R , of 0, 5 and 10% of the mean size. The function I(E, R) in Eq. (24) was obtained by fitting the size dependence of each of the peaks, i, in Fig. 9 to E i (R) = E 0 i + aR N and then summing the contributions from all the peaks so that
where α i is the relative intensity of peak i, and σ 0 is the intrinsic line width of the peaks, set to 5 meV. 2. The first excited state (c) is still clearly resolvable in all sizes of dot. This peak probably still corresponds to peak E 2 .
3. Peak (d) is only resolvable in the two smallest dots, where it is close to the experimental E 3 peak.
4. For the larger two dots, peaks (g) and (h) merge to form one large peak. The position of this merged peak is close to the experimental E 5 peak. For the two smaller dots, the peak splits into two peaks (g) and (h) with different size scaling behaviour.
5. Peak (j) is only resolvable from peaks (g) and (h) in the two smaller dots, where it could correspond to either the experimental E 6 or E 7 peaks.
6. The weaker peaks (b), (e) and (k) are not individually resolvable for any size of dot in the ensemble spectra.
IV. CONCLUSIONS
We have performed pseudopotential calculations for the electronic structure of both the ground and excited states of free standing InAs quantum dots for a range of experimentally realistic sizes. Using calculated electron-hole Coulomb energies and dipole matrix transition probabilities we have constructed single-dot absorption spectra for 4 different sizes of quantum dot. These spectra exhibit a series of clearly resolvable exciton peaks. The size dependence of the spacing between the exciton peaks in these single dot spectra shows partial agreement with those found in recent experiments. By fitting the size dependence of each exciton peak and postulating a Gaussian distribution of dot sizes, we have calculated ensemble absorption spectra. The size scaling of the peaks in these ensemble spectra shows a better agreement with the experimental data.
We also have analyzed the single particle parentage of each excitonic peak. We find that (i) as a result of the small band gap of InAs, there is significant valence-conduction band mixing in the quantum dot states, (ii) the removal of spherical symmetry of these dots produces odd-even mixing in these states.
Our predicted single-dot excitonic spectra (Fig. 8) await experimental testing. Our predicted ensemble spectra (Figs. 11) are not in as good agreement with experiment as our results for InP [13] and CdSe [12] dots. Sample quality, including shape distributions could be a factor in this relative lack of agreement. (a)
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